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INTEGRATED OPTICAL DEVICE 




This invention relates to integrated optical devices. 

r 

In the development of optical networks, so-called integrated optical components 
using waveguides established on a planar substrate are being extensively investigated. 

In. integrated optical devices, waveguide "cores" are deposited onto a substrate (or 
more generally onto an undercladding formed on the substrate) and are then covered by an 
overcladding layer. The refractive indices and other optical properties of the core and 
cladding materials are set to provide an appropriate waveguiding function. The skilled man 
will appreciate that terms such as "undercladding", "overcladding", "beneath" and the like 
are used merely for convenience of the description and do not imply any particular 
orientation of the device during fabrication or use. 

A problem which can arise in integrated devices of this nature is that of 
birefringence. Although the mechanism by which the birefringence arises has not been 
proven, it is thought to result from differences in thermal expansion properties between 
layers in the device structures, which cause stresses to build up when the device is cooled 
after sintering or annealing. 

Various possible solutions to this problem are summarised, with references, in the 
paper "Birefringence free planar optical waveguide made by flame hydrolysis deposition 
(FHD) through tailoring of the overcladding", Kilian et al, Journal of Lightwave Technology 
Vol. 1 8, No 2, February 2000. Mostly the previously proposed solutions involve altering the 
thermal properties of the overcladding, generally to try to match the thermal coefficient of - 
expansion of the overcladding to that of the core, undercladding or substrate. A specific 
example of this technique is disclosed in US-A-5 930 439. While this aim can be achieved 
by careful choice of dopants, it has been found that the overcladding glass has to be so 
dopant-rich that it becomes very sensitive to moisture, leading to device unreliability. 

An alternative approach is described in the paper "Penalty-free polarisation 
compensation of SiCVSi arrayed waveguide grating wavelength multiplexers using stress 
release grooves", Wildermuth et al, Electronics Letters Vol. 34, No 17, August 1998. Here, 
a stress-relieving groove is etched along either side of the waveguide cores. In the context of 
an arrayed waveguide grating (AWG) device having a large number of substantially parallel 
waveguide cores, this means interspersing those cores with deep grooves. This process is 
^oMfd^ of the xrerd^fora^ig^ 
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the grooves, the difficulty of aligning the groove etching with the waveguide cores, and the 
extra substrate area taken up by the grooves. 

This invention provides a method of fabricating an integrated optical device on a 
substrate, at least a face of the substrate providing a first cladding layer, the method 

comprising the steps of: 

(i) forming a core material layer on the first cladding layer; 

(ii) etching the device in regions forming the complement of a desired waveguide 
core, the etching step removing material from the core material layer and at least some 
material from the first cladding layer so that the first cladding layer forms a mesa formation 
substantially covered by the waveguide core; and 

(iii) forming a second cladding layer over the first cladding layer and waveguide 



core. 



The invention provides a new method of fabrication and device structure which can 
lead to a reduced or substantially zero birefringence without the need for heavy doping of the 
1 5 cladding or a separate etching step. 

As part of the core etching process, during which excess material of a core material 
layer is removed by etching (having applied masks so as to leave the core paths unetched), 
the etching is continued into the undercladding layer. This "over-etching" technique leaves a 
mesa formation beneath the core. When the overcladding is applied, it extends around the 
20 core (as before) but also to a small extent beneath the level of the core. 

This arrangement has been found to affect the core birefringence. By selection of an 
appropriate over-etch depth (mesa height) a reduced or substantially zero core birefringence 
can be obtained. 

The invention is applicable to substrates such as silicon or germanium, on which an 
25 undercladding layer is generally grown or deposited. Here, it is considered that the substrate 
with the undercladding layer already grown or deposited on it provides a substrate whereby 
"at least a face of the substrate provides a first cladding layer". However, it is not always 
necessary to grow or deposit an undercladding layer. An example here is a quartz substrate 
where the optical properties of the substrates itself are such that the core can be deposited 
directly on to the substrate. Again, because an upper layer of the substrate itself acts as the 
undercladding for light-guiding purposes, it is considered that such a substrate also provides 
a substrate whereby "at least a face of the substrate provides a first cladding layer. 

- = preferably the mesa- formation has -a- height such that substantially- *eK*-eore- 

birefringence is obtained. For example, it is preferred that the mesa formation has a height 
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of at least ljj.m, and more preferably between about 2 jam and about 4\xm, It is appreciated 
that a smaller degree of over-etching may have occurred in the past, for example to ensure 
that the core material was fully etched away. 

Although tfie invention is applicable to many types of device, it is preferred that the 
substrate is a silicon substrate and/or the first cladding layer is predominantly silicon dioxide. 

In order to achieve a lower mesa height for a desired birefringence performance, it is 
preferred that the linear coefficient of expansion of the material of the second cladding layer 
is greater than that of the material of the core material layer. 

This invention also provides an integrated optical device comprising: 

a substrate, at least a face of the substrate providing a first cladding layer, the first 
cladding layer including a mesa formation; 

a waveguide core formed on the first cladding layer so that the waveguide core 
substantially covers the mesa formation; and 

a second cladding layer formed over the waveguide core and the first cladding layer. 

Embodiments of the invention will now be described with reference to the 
accompanying drawings, throughout which like parts are referred to by like references, and 
in which: 

Figures la to If are schematic cross-sectional illustrations of process steps in the 
fabrication of part of an integrated optical device according to an embodiment of the 
invention; 

Figure 2 is a graph of birefringence against over-etch depth as predicted by computer 
modelling for various material properties; and 

Figure 3 is a graph of birefringence against over-etch depth as obtained by 
experiment. 

Referring now to the drawings, Figures la to If are schematic cross-sectional 
illustrations of process steps in the fabrication of part of an integrated optical device 
according to an embodiment of the invention. In prototype investigations, a 40 channel 
arrayed waveguide grating (AWG) having a 100GHz channel spacing and 250^m output 
waveguide pitch was fabricated, but in other embodiments of the invention many types of 
optical signal handling devices may be fabricated using this technique, such as variable 
optical attenuators, optical switches or routers and/or optical filters. The technique is 
generally applicable to any integrated optical component, using a waveguide structure. 



Figure la schematically illustrates a silicon substrate 10 on which a 16pm thick 
thermal oxide undercladding layer 20 is grown, (ft is noted that Figures lato If are highly 

schematic and in any event not to scale). 

In Figure lc, a layer of waveguide core glass 30 is deposited, for example by flame 
hydrolysis deposition (FHD). In a preferred embodiment, the layer 30 is 6pm thick after an 
annealing stage to consolidate the FHD-deposited material. A mask 40 is applied to mask 
the path of a desired waveguide core. The mask is preferably formed by 
photographically spinning and exposing a resist layer, followed by development and 
coating with a metal layer by evaporation. The resist and its cover of metal can be lifted off 
with acetone to leave the metal mask 40. 

In Figure Id, an etching step is carried out using conventional wet or dry etching 

techniques. 

The etching step etches away parts of the core material layer 30 not covered by the 
mask 40, that is to say, regions forming the complement of the desired waveguide path are 
removed from the core material layer 30. This leaves a substantially square section (6pm x 
6\im) core 50. 

In a conventional fabrication process, the next step would be to remove the mask 40 
and apply an overcladding layer to the structure of Figure Id. In embodiments of the present 
invention, however, the etching process is continued further, still using the mask 40 to define 
regions to be etched. 

As shown in Figure le, the etching process is carried on so that part of the 
undercladding layer 20 is etched away in regions not protected by the mask 40. This "over- 
etching" process leaves an undercladding layer 20 which is thinner across most of the device, 
but which forms a mesa formation 60 substantially covered by the core 50. The height of the 
mesa formation may also be equivalently referred to as an "over-etch depth" and may 
typically be in the range of 2pm to 3 pm, but preferably in any event greater than 1pm. 

Finally, in Figure If the mask 40 is removed by conventional techniques and the 
waveguide and undercladding are covered by an overcladding layer 70. In this prototype 
embodiment the overcladding layer 70 is 22pm thick (at its thickest) and is a glass formed by 
FHD deposition using SiCU, BC1 3 and POCl 3 . The overcladding composition is such that its 
refractive index is roughly matched to that of the silica undercladding, and its thermal 
expansion is slightly higher than that of the silicon substrate (as measured^y warpage of 
coafect wafers). 



Figure 2 is a graph of birefringence against over-etch depth as predicted by computer 
modelling for various material properties. 

The effect that over-etching has on the birefringence of a single waveguide was 
simulated by Finite Element Modelling analysis to determine the stresses applied to the 
waveguide core. The ordinary arid extraordinary refractive index changes were then 
calculated from the stresses. By means of perturbation calculations, the change in effective 
refractive index (NeffrE -NeffxM) was determined. 

It was found that the effect of over-etching was influenced by the linear coefficient of 
expansion (Ice) of the core and the cladding. So, in the computer modelling various 
combinations of Ice values were used. 

The following material parameters were used in the computer modelling. These are 
the values reported in the paper by Kilian et al referred to above. 





Symbol 


Si 


SiQ2 

undercladdi 
ng 


Overcladding 


Core 


Youngs' 
Modulus' GP A) 


E 


169 


72.5 


70 


65 


Poisson ratio 

H 


V 


0.064 


0.17 


0.2 


0-2 


Linear 

coefficient of 
expansion [K" 1 ] 


a 


3.6E-6 


1.2E-6 


Varied 
(3.3-3.5) E-6 


Varied 
(1.2-2.4) E-6 



The Ice of the overcladding was varied among three possible values, namely: 

3.3 x 10" 6 . 

3.4 xlO" 6 

3.5 x 10" 6 

Similarly, the Ice for the core was modelled at three possible values, namely: 
1.2 x lO -6 
1.8 x lO -6 
2.4 xlO" 6 
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giving nine curves in all. The vertical axis has been calibrated to represent 
wavelength splitting between the two polarisations, as used in the empirical results of Figure 
3, so that a comparison can be made. 

The results shown in Figure 2 indicate that birefringence depends substantially 
linearly on the over-etch depth. The slope of the dependence depends on the Ice values of 
the core and the overcladding. An ideal over-etch depth is considered to be one where the 
relevant curve crosses the zero-birefringence axis. 

In the graph of Figure 2, the legend indicates first the value of the overcladding Ice (x 
10- 6 ) followed by the value of the core Ice (xl(T 6 ). It can be seen that a zero birefringence is 
obtained for an over-etch depth of about 2 \xm upwards using the example parameters. The 
lowest over-etch depth giving a zero birefringence in this model is obtained for a 
combination of high Ice for the cladding and low Ice for the core. This model ignores any 
stress influence due to neighbouring waveguides and also does not consider the index 
contrast which may have an influence on the ideal over-etch depth. 

In order to test the theoretical results, a series of prototype devices constructed as 
described above were tested. The core birefringence was detected by measuring the filter 
response or passband for two polarisation states, one parallel to the plane of the substrate and 
one perpendicular, and detecting the wavelength splitting (in nm) between the two. The 
results are shown in Figure 3 which indicate the same generally linear dependence between 
birefringence and over-etch depth as that predicted by the FEM analysis, crossing the zero- 
birefringence axis at an over-etch depth of about 3 jam. 
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CLAIMS 



1 . A method of fabricating an integrated optical device on a substrate, at least a face of 
the substrate providing a first cladding layer, the method comprising the steps of: 

(i) forming a core material layer on the first cladding layer; 

(ii) etching the device in regions forming the complement of a desired waveguide 
core, the etching step removing material from the core material layer and at least some 
material from the first cladding layer so that the first cladding layer forms a mesa formation 
substantially covered by the waveguide core; and 

(iii) forming a second cladding layer over the first cladding layer and waveguide 

core. 

2. A method according to claim 1, in which the mesa formation has a height of at least 
1 jum. 

3. A method according to claim 2, in which the mesa formation has a height of between 
about 2 jam and about 4\im. 

4. A method according to any one of the preceding claims, comprising the step, before 
step (i), of forming the first cladding layer on the substrate. ~ 

5. A method according to claim 4, in which the substrate is a silicon substrate. 

6. A method according to claim 4 or claim 5, in which the first cladding layer is 
predominantly silicon dioxide. 

7. A method according to any one of the preceding claims, in which the height of the 
mesa formation is selected so as to give a substantially zero birefringence in the waveguide 
core. 

8. A method according to any one of the preceding claims, in which the linear 
coefficient of expansion of the material of the second cladding layer is greater than that of 
"the" material ofthe core materiaMayer. ' ■ - •* ~- ■ • — 
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9. An integrated optical device comprising: 

a substrate, at least a face of the substrate providing a first cladding layer, the first 
cladding layer including a mesa formation; 

a waveguide core formed on the first cladding layer so that the waveguide core 
5 substantially covers the mesa formation; and 

a second cladding layer formed over the waveguide core and the first cladding layer. 

1 0. A method of fabricating an integrated optical device, the method being substantially 
as hereinbefore described with reference to the accompanying drawings. 

10 

11. An integrated optical device substantially as hereinbefore described with reference to 
the accompanying drawings. 
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ABSTRACT 



INTEGRATED OPTICAL DEVICE . 

An integrated optical device comprises a substrate, at least a face of the substrate 
providing a first cladding layer, the first cladding layer including a mesa formation; a 
waveguide core formed on the first cladding layer so that the waveguide core substantially 
covers the mesa formation; and a second cladding layer formed over the waveguide core and 
the first cladding layer. 

Figure 2 . 
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